Listed as vulnerable under Appendix II of CITES, populations of the commercially valuable African highland medicinal tree Prunus africana are threatened by over-exploitation in a number of countries. Here, random amplified polymorphic DNA (RAPD) analysis was used to assess patterns of genetic variation in the species in Cameroon and Kenya, two countries where exploitation has been particularly high and where information on genetic structure is a crucial input for developing the national management plans that are a requirement of CITES listing. Analysis of molecular variance (AMOVA), which employed 39 RAPD markers, indicated that a significantly greater proportion of total country variation partitioned among eight stands in Kenya than among nine stands in Cameroon (values of 55% and 24%, respectively), with important implications for conservation strategies. Kenyan stands appear to represent a particularly diverse resource for conservation, evaluation and domestication, although possible human movement of germplasm during cultivation raises integrity concerns. Data also shed light on the evolutionary history of P. africana stands. A genetic disjunction between western and central Kenyan populations was observed, with individuals from western Kenya more similar to geographically distant stands from Cameroon (> 2000 km) than to central Kenya (<400 km). In the context of present-day floristic distributions and the historical data available, this disjunction appears more consistent with genetic exchange between east and west African highlands via migration (associated with climate change) than via long distance seed dispersal. Data suggested that conservation strategies for P. africana should place relatively more emphasis than currently on the status of surrounding phytochoria.
Introduction
Prunus africana is a geographically widespread highland tree reported from 22 African countries, north/south from Ethiopia to South Africa and east/west from Madagascar to Sao Tomé (Hall et al., 2000) . The medicinal property of P. africana bark in the treatment of benign prostatic hyperplasia (Simons et al., 1998) has led to extensive and commercially important international trade, with the species being one of the most valuable medicinal exports from Africa (Cunningham et al., 1997) . In the last decade, many thousands of tonnes of bark have been harvested by felling of trees in natural stands (Cunningham et al., 1997; Dawson et al., 2000; Stewart, 2003) . In addition to selective harvesting, trees are lost due to general forest clearance for agriculture, since the distribution of P. africana often coincides with regions of high human population density , and through climate change that restricts regeneration at the edges of the species' natural range (e.g., Geldenhuys, 1981 for South Africa). Together, these factors have led to significant concerns regarding conservation of the species Africa-wide, particularly in Cameroon, Kenya and Madagascar, where destructive South African Journal of Botany 72 (2006) 498 -506 www.elsevier.com/locate/sajb exploitation has been high (Cunningham et al., 1997; Stewart, 2003) . As a result, P. africana is listed under Appendix II of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES), and various populations are considered as vulnerable according to International Union for the Conservation of Nature and Natural Resources criteria (IUCN, 2004) . Despite these concerns, smallholder farmer planting programmes in Cameroon and Kenya have enjoyed some success (Simons et al., 1998; Cunningham et al., 2002) , raising prospects in these countries for cultivation to take pressure off natural stands and for circa situ (on-farm) conservation (a practice relevant for a range of high value tree species in Africa and elsewhere in the tropics, e.g., O'Neill et al., 2001; Hollingsworth et al., 2005; Lengkeek et al., in press ). Often as important as biological characteristics, strategies for the conservation of economically valuable medicinals in Africa and elsewhere depend on policy issues for exploitation (at international, national and local levels), the degree of legal enforcement of harvesting regulations and predicted market developments . For such species, economic value, trade-related intellectual property rights and benefit-sharing (issues presented formally in the Convention on Biological Diversity) mean that national sovereignty over material is a particularly sensitive issue (CBD, 1992; Cunningham, 1993; Holley and Cherla, 1998; Adede, 2002) . Recent concerns in this respect have been raised for P. africana, with African countries such as Cameroon and Kenya determined to ensure that benefits accruing from the exploitation of bark are properly balanced between national and international (primarily European) partners (Laird and Lisinge, 1998; Cunningham et al., 2002; Stewart, 2003) . In this context, it is essential that management strategies consider the distribution of species within national boundaries, since it is within these boundaries that policies for equitable benefit-sharing operate. National management strategies are also brought to the fore under CITES regulations, since these require that each individual government must within its' boundaries develop plans that ensure the sustainable harvesting and conservation of listed species (CITES, 1975; Cunningham et al., 1997) .
In a study by Dawson and Powell (1999) (see also a preliminary study by Barker et al., 1994 that included South Africa), genetic variation in P. africana began to be placed in a national as well as international context. Nationally, Cameroon showed relatively low but significant variation among stands, while, internationally, Cameroonian and Ugandan populations were more similar to each other than to material from central Kenya. Although Dawson and Powell (1999) assessed only a single stand from Kenya, high differentiation between this population and a relatively proximate stand tested from Uganda suggested that Kenya could contain exceptionally high levels of variation in P. africana, and thereby provide unique genetic management opportunities for conservation and use of the species.
In this study, we employ P. africana as a model to compare and contrast possible national genetic management strategies for an important African highland medicinal tree. By assessing genetic structure among P. africana stands in Cameroon and Kenya, our primary objective was to determine more efficient management strategies for both countries. To assess genetic structure we employ random amplified polymorphic DNA (RAPD) analysis (Williams et al., 1990) , an approach applied widely to African flora (e.g., Dawson and Powell, 1999; Lowe et al., 2000; Jamnadass et al., 2005; Madubanya et al., 2005) . Although RAPD analysis suffers from a number of practical and ⁎ Individuals from these locations also sampled in an earlier study by Dawson and Powell (1999) . N denotes the number of individuals tested. H denotes genetic diversity based on Nei's (1978) unbiased estimate for 39 RAPD markers. The geographic distribution of sampling localities is shown in Fig. 1 .
theoretical limitations (Black, 1993 ; see also discussion in Lowe et al., 2000) , the approach is still widely applied in less developed laboratories in Africa because it is technically simple and reveals a large number of markers. In addition, limitations are minimised by careful application, scoring high numbers of polymorphisms and adopting appropriate techniques for analysis (Lynch and Milligan, 1994) . A secondary objective of the current study was to place variation among P. africana stands within a biogeographic model that provides information on the complex evolutionary history (White, 1983b (White, , 1993 of present-day African highland flora, an issue that has wider conservation implications for the continent. In particular, we were concerned to understand whether intraspecific variation among tested sites was more consistent with migration associated with climate change, or with long distance seed dispersal events between highland areas. This knowledge could provide a basis for developing management strategies elsewhere in Africa, where molecular work has not so far been undertaken.
Materials and methods
2.1. Ecology and distribution of P. africana P. africana (Hook. f.) Kalkman (Rosaceae), the only member of Prunus native to Africa, is found primarily on the eastern side of the African mainland, but stands are also located in the west of the continent (primarily Cameroon) and on outlying islands (Hall et al., 2000) . P. africana is a typical constituent of White's (1983a) Afromontane archipelago-like regional centre of endemism, one of only a few species analysed by White (1978) that occurs in all seven of the African regional mountain systems that he defined, although it is not restricted to this phytochorion (Hall et al., 2000) . The species occupies a distribution typified by a relatively temperate climate and annual rainfall > 900 mm (Hall et al., 2000) . Trees are long-lived, reaching a height of more than 40 m and diameter greater than 1 m. Apparently diploid, P. africana is believed to be predominantly outcrossing, with hermaphrodite flowers pollinated by insects and possibly birds (Hall et al., 2000) . Birds and primates feed on the ellipsoid fruit (∼ 8 by 12 mm) and are considered probable seed dispersal agents, with the former suggested to transfer seed over considerable distances via ingestion (Hall et al., 2000) .
Leaf sampling
Leaf material was taken from a total of 161 individuals from 18 stands of P. africana, using silica gel to dry and preserve samples. Sample size per population was relatively small in the current study as our primary concern was to assess genetic differentiation between populations from different geographic areas. Collection involved Cameroon and Kenya, where sampling was undertaken over similar geographic scales, with a single stand also sampled from Uganda (Table 1 and Fig. 1 ). Collection focused on Cameroon and Kenya for three reasons. First, destructive exploitation in both countries has been high in the last decade, but at the same time opportunities exist in both cases for cultivation and circa situ conservation through successful planting of the species in smallholder farming systems and plantations (Cunningham et al., 1997 (Cunningham et al., , 2002 Simons et al., 1998 ; absence of a similar tree planting culture means that on-farm opportunities for conservation appear to be limited in Madagascar, the third country where destructive exploitation has been high, Dawson et al., 2000) . Second, earlier research by Dawson and Powell (1999) on a smaller number of stands suggested that, within national boundaries, Cameroon and Kenya are likely to show rather different patterns of genetic variation in P. africana, allowing management strategies for the two countries to be compared and contrasted. Third, Dawson and Powell's (1999) study suggested that more detailed analysis of these areas could provide information on the evolutionary history of the species in Africa (see more below).
Most materials in the current study were collected from natural populations (10 cases). However, sampling was also undertaken from planted stands and nursery stock where these were readily available (four cases each). Within natural populations, sampled trees were normally a minimum of 50 m apart, although this criterion could not always be fulfilled due to scarcity. Within planted stands and nursery stock, sampling was undertaken at random. Cameroonian stands were sampled from West and North West Province highlands, except for Mount Cameroon, an isolated massif in South West Province. Cameroonian material falls within the Afromontane regional centre of endemism associated with the West African mountain system, or in the transition to Guineo-Congolian flora (White, 1978 (White, , 1983a . On a direct line east/west between material sampled from Cameroon and Uganda, a large gap in the presentday natural distribution of P. africana is associated with Guineo-Congolian lowland rainforest ( Fig. 1 ; White, 1983a; Hall et al., 2000) . Ugandan material falls at the transition between the Lake Victoria regional mosaic and montane vegetation associated with the Kivu-Rwenzori mountain system (White, 1978 (White, , 1983a . Within Kenya, sampling included stands from western and central highland regions, between which runs north/south the Eastern Rift valley. Kobujoi in western Kenya falls just within the Lake Victoria regional mosaic. This area has elements of Afromontane and Guineo-Congolian flora, being at the eastern limit of the distribution of several tree species typical of the latter regional centre of endemism (White, 1983a) . Central Kenyan stands lie outside (further east) of this limit. Both central and western Kenya stands are associated with the Imatongs-Usambara mountain system (White, 1978) .
DNA extraction and RAPD analysis
Total genomic DNA was extracted using minor modifications to Doyle and Doyle (1987) and RAPD-PCR undertaken according to Dawson et al. (1995) . Initially, a test panel (one individual from each of 14 stands) was screened with a range of arbitrary 10-mers to identify polymorphisms. Five primers revealing clear polymorphisms, which were reproducible across test runs, were chosen for analysis of all 161 individuals (primer sequences available from the authors). RAPDs were scored as present (1) or absent (0) after resolution on 2% agarose gels.
Data analysis
A principal coordinate analysis (PCoA, Legendre and Legendre, 1998) of individual RAPD phenotypes based on Sørensen's (1948) similarity coefficient was undertaken with the PAST 0.82 software package (Hammer et al., 2002) . Analysis of molecular variance (AMOVA, Excoffier et al., 1992 ) based on Euclidean distances between individuals was undertaken with the ARLEQUIN 1.1 software package (Schneider et al., 1997) . Further analysis involved the calculation of genetic diversity levels (H) for each stand according to Nei's (1978) unbiased measure. Values were based on estimated allele frequency data assuming dominance, nuclear diploid inheritance and Hardy-Weinberg equilibrium (assumptions that appear valid based on previous studies, Dawson and Powell, 1999) .
Results
The five primers employed in this study revealed a total of 39 clear polymorphisms that could be scored in all individuals surveyed (mean product presence frequency = 0.309; RAPD data matrix available from the authors). The first and second axes of a PCoA accounted for 46% and 9% of variation, respectively (Fig.  2) . High differentiation between central and western Kenyan material was evident on the first principal axis, despite relative geographic proximity (<400 km). An exception was a single individual (one from eight) sampled from the Chuka (nursery) population in central Kenya, which grouped with individuals from western Kenya. Individuals from western Kenya, Uganda and Cameroon positioned together on the first principal axis, despite the geographic distance between west and east African samples (>2000 km). A degree of differentiation between western Kenya, Uganda and Cameroon material was, however, revealed on the second principal axis. Corresponding with geographical positions along an east/west transect, Ugandan individuals occupied an intermediate position on this axis. Unstructured AMOVA (Table 2) indicated most variation among stands (57%, P < 0.001). Nested AMOVA revealed substantial variation among countries (37%, P < 0.001). Considering Cameroon only, 24% of variation partitioned among stands (P < 0.001; data consistent with a previous study, Dawson and Powell, 1999) . In Kenya, a substantially greater proportion of variation partitioned among stands (55%, P < 0.001), consistent with the central-western split observed in PCoA. Considering all Kenyan stands but excluding the single unusual individual revealed in the Chuka (nursery) stock, analysis of RAPD data revealed a total of nine diagnostic product presences that distinguished between western (N = 20) and central regions (N = 52; difference in frequency [Δf] > 0.80). Three product presences were specific to western Kenya and six to central Kenya, one of the latter being absolutely diagnostic (Δf =1).
Considering natural populations only revealed a similar pattern in AMOVA (Table 2 ). Unstructured analysis indicated most variation among stands (63%, P < 0.001), while substantial variation was revealed among countries in nested analysis (42%, P < 0.05). In addition, considerably less variation partitioned among Cameroonian than Kenyan stands (11%, P <0.01 and 58%, P < 0.001, respectively). A calculation of stand diversity estimates was not our primary concern in the current study. However, dividing natural populations into the two groups revealed on the first PCoA axis, with Cameroon, Uganda and western Kenya in one group, and central Kenya stands in a second, mean arithmetic diversity values (based on individual values given in Table 1) 
Discussion

Genetic variation in P. africana: comparing national management strategies for Cameroon and Kenya
In the current RAPD analysis, we assessed genetic variation in P. africana in Cameroon and Kenya, countries where national genetic management strategies are particularly important because of high commercial exploitation in the past decade, and where opportunities exist for cultivation and circa situ conservation . Our data reveal that rather different emphases are applicable for management in the two countries. AMOVA indicates that although genetic variation among stands in Cameroon is significant, it is overall relatively low (and fully consistent with levels found in an earlier within-Cameroon analysis, Dawson and Powell, 1999) . Kenya, however, shows considerably greater variation among stands, with central and western material widely separated in ordination. The level of genetic differentiation detected within Kenya is unusually high for an outcrossing tree species, for which most variation is expected to partition within rather than among stands (Hamrick and Godt, 1989; Hamrick et al., 1992; Nybom and Bartish, 2000; see Jamnadass et al., 2005 , for a review of RAPD studies on African trees). Significant molecular population data exist for only one other tree species sampled across both central and western Kenya, the important timber Vitex fischeri (syn. Vitex keniensis). Employing isozymes, Ahenda (1999) found no differentiation between the two regions. Using RAPDs, however, Lengkeek (2003) found some limited differentiation in the species (19% of total variation among populations), most of which could be attributed to a split between central and western Kenya regions. This estimate, however, is considerably lower than the differentiation detected here by RAPDs in P. africana. The higher total genetic variation in P. africana in Kenya compared to Cameroon suggests particular management opportunities for Kenya. Within the framework of a national management programme, Kenyan stands together appear to represent a particularly diverse resource for conservation. Separate treatment of populations from central and western Kenyan highlands is more important for conservation of the species than the separate management of isolated highland regions in Cameroon. It is not known whether the genetic disjunction revealed by RAPDs in Kenya corresponds to differences in the active properties of P. africana bark. However, Martinelli et al. (1986) showed that the composition of P. africana extract does depend on the origin of bark in a way that suggests composition may vary between central and western Kenya. If so, unique opportunities may be presented in Kenya for selection and domestication of the species.
As well as providing significant opportunities, the magnitude of the genetic difference between central and western Kenya stands suggests particular management problems in Kenya compared to Cameroon. In particular, conservation in Kenya must consider the inevitable anthropogenic impacts of cultivation on the distribution of genetic variation in the species. This is particularly the case if planting of P. africana from central or western Kenya is encouraged in the alternate region, which is likely if one type is proved to be significantly superior medicinally. Human seed dispersal, particularly when informal, raises concerns for the conservation of a number of tropical agroforestry tree species as natural and cultivated distributions are brought into contact (e.g., Hughes, 1994; Lowe et al., 2000; Kadu et al., in press; Jamnadass et al., 2005) , especially when genetic differences among populations are large. In this situation, hybridisation may erode the genetic integrity of natural stands and result in their displacement. Germplasm dispersals associated with cultivation must therefore proceed with caution. Our data already, unexpectedly, indicated one exceptional individual in a central Kenyan nursery that appears to have originated from western Kenya, apparently due to earlier ICRAF research activities across regions (AGL, unpublished observations). Although problematic for management, the large genetic difference between central and western Kenya stands does, however, provide the opportunity to monitor germplasm exchange between the regions. RAPDs indicate a number of diagnostic products suitable for this purpose that together could be used to monitor exchange, hybridisation and possible backcross events. In the current study, no individuals had profiles consistent with hybridisation, but these may well arise in the future and this should be the subject of continued study.
Genetic variation in P. africana and the history of African highland flora: dispersal and migration events
The evolution of African highland flora is complex, representing processes taking place over many millennia (White, 1983b (White, , 1993 . Information comes from a number of sources, including marine and terrestrial pollen cores, extrapolations from current floristic distributions and, more recently, from molecular systematic studies (White, 1983b; Street-Perrott and Perrott, 1993; White, 1993; Knox and Palmer, 1995; Dupont et al., 2000; Elenga et al., 2000; Olago, 2001) . The current wide distribution of many taxa across isolated African highland 'islands' could represent a combination of long distance seed dispersal events (allowing ongoing exchange to the present day by, e.g., migrating birds; White, 1983b) and ancient direct overland migrations facilitated by past climatic fluctuations (range expansions in cooler periods, followed by vicariant [contraction] events as the climate warms; Maley, 1996) . The relative contributions of dispersal and migration are, however, difficult to describe within species and likely dependent on the taxon in question (White, 1983b (White, , 1993 . Whether dispersal or migration is the most important factor in determining the present day distribution of a species has, however, important implications for management purposes, since patterns of genetic variation are likely to be rather different in the two models. In a 'dispersal' model, relatedness is more likely to be dependent on geographic proximity, while in a 'migration' model sharp disjunctions can be expected (as observed with floristic distributions in Africa at an interspecific level, Maley, 1996) . In the former case, prioritisation of populations for conservation focuses more on geographic distance, while in the latter case more emphasis should be placed on floristic disjunctions, such as the boundaries between White's (1983a) phytochoria.
In the case of P. africana, long distance seed dispersal has clearly played a role in determining distribution range-wide in Africa, since this is the only means by which the species could have reached outlying islands such as long-separated Madagascar and volcanically originated Sao Tomé (White, 1983b) . On the African mainland, however, and in the case of this study between east and west African stands, both migration and dispersal models could provide means of connection. In a migration model, P. africana in cooler periods could have descended to the intervening lowlands located directly between east and west Africa, providing connectivity between mountain systems (Street-Perrott and Perrott, 1993; White, 1993; Jolly and Haxeltine, 1997; Dupont et al., 2000) . Migration in cooler periods could also have occurred via a more southerly route, along White's Southern Migratory Tract (SMT), which passes through southern DRC, Zambia, northern Angola and Gabon (White, 1983b (White, , 1993 . In a dispersal model, ongoing connection between east and west Africa could be provided by the present-day 'highland-like' satellites of the SMT (White, 1993) , which could act as 'stepping-stones' between regions, at least for tree species such as P. africana that are capable of long distance seed dispersal (White, 1993) .
Little historical pollen core data are available that would favour migration or dispersal hypotheses for linking P. africana in east and west Africa. Some pollen core data from Kenya suggest that the species has migrated as a result of past climate change events (Olago, 2001) , but no information is available to indicate or refute substantial past presence of P. africana in the lowlands located directly between Uganda and Cameroon, or outside current satellites along the SMT. In any case, pollen core data are difficult to interpret for P. africana because discrimination between it and other taxa is not straightforward (John Hall, personal communication) . RAPD data do, however, provide some opportunity to distinguish between migration and dispersal options for maintaining genetic connectivity between east and west African stands. The genetic similarity observed between distant stands from Cameroon and Uganda/western Kenya (>2000 km apart), coupled with the genetic dissimilarity between proximate stands from western and central Kenya (<400 km apart), appears typical of the disjunctions expected under a migration model. Furthermore, this within-species split corresponds to disjunctions at a species level in the surrounding flora, as several species associated with the Guineo-Congolian forest block reach their most easterly edge in western Kenya, with central Kenyan stands of P. africana outside these distributions (White, 1983a) . This correspondence is consistent with an association between P. africana and lowland Guineo-Congolian forest, with relatively recent migration (perhaps associated with the Last Glacial Maximum, 18,000 years BP?) between east and west African regions. At the same time, our data discount a role for long distance seed dispersal in maintaining connectivity between east and west Africa. If long distance dispersal had a dominant role in genetic exchange between regions, there appears little reason to observe such a large genetic difference between western and central Kenya stands of the species: under a dispersal model, genetic exchange between proximate western and central Kenya stands should be considerably more straightforward than between western Kenya and Cameroon, despite the (often well-separated; White, 1993) satellites of the SMT. Aubréville (1976) considered the present distribution of P. africana in Africa to have originated through movement into the continent from the northeast. From our data, one can postulate a scenario consistent with this hypothesis in which distribution of P. africana into western and central Kenya first occurred via Ethiopia, after which the Rift Valley in Kenya acted as a significant barrier to dispersal between Kenyan stands that was also too considerable (too dry?) to be bridged via migration during climate change events. Long-term genetic isolation across the Rift may have allowed the evolution of the genetic differences currently observed between western and cen-tral Kenya stands. One can then postulate that, perhaps relatively recently based on the genetic similarity observed, P. africana spread from western Kenya/Uganda to west Africa via climate change events that promoted migration through lowland intervening forest.
Final considerations
Our observations on P. africana indicate that stands in Kenya may represent a particularly diverse resource for conservation and evaluation of the species, with greater emphasis being placed during the development of national genetic management plans on differentiation between isolated highlands in Kenya than in Cameroon. In addition, the pattern of variation observed among populations tested in the current study suggests greater emphasis should be placed on disjunctions in phytochoria than on geographic distance when developing genetic management strategies, an important consideration when assessing the conservation value of other stands not subjected to molecular analysis. Considering together the need for national management plans for P. africana and our observations on a disjunction in genetic variation across phytochoria, it is possible that Tanzania and Ethiopia also provide good targets for conservation activities (though these countries are not currently subject to wide exploitation of the species). As in Kenya, both countries have extensive P. africana stands that are spread in distribution across important floristic disjunctions, and these areas could be the subjects of further research.
Whether similar patterns of intraspecific variation are present in other highland trees common to east and west Africa is unknown, but our research provides a baseline for further research on both P. africana and additional African species. The RAPD technique employed here is not appropriate for detailed phylogeographic research of P. africana. However, our data strongly suggest that a full sequence-based systematic study of the species, sampled range-wide from African highlands, is likely to be an excellent example for developing our understanding of the history of the Afromontane regional centre of endemism in relation to other surrounding floral regions.
